ABSTRACT Antisera to two putative neurotransmitters, luteinizing hormone-releasing hormone (LHRH) and molluscan cardioexcitatory tetrapeptide (H-Phe-Met-Arg-Phe-NH2; FMRF-amide), bind specifically to neurites in the inner nuclear and inner plexiform layers of the goldfish retina. Retrograde labeling showed that intraocular axon terminals originate from the nervus terminalis, whose cell bodies are located in the olfactory nerves. Double immunocytochemical and retrograde labeling showed that some terminalis neurons project to the retina; others may project only within the brain. All terminalis neurons having proven retinal projections were both LHRH-and FMRF-amide-immunoreactive. The activity of retinal ganglion cells was recorded with microelectrodes in isolated superfused goldfish retinas. In ON-and OFF-center double-color-opponent cells, micromolar FMRF-amide and salmon brain gonadotropin-releasing factor ([Trp7, Leu8j LHRH) caused increased spontaneous activity in the dark, loss of light-induced inhibition, and increased incidence of lightentrained pulsatile response. The nervus terminalis is therefore a putatively peptidergic retinopetal projection. Sex-related olfactory stimuli may act through it, thereby modulating the output of ganglion cells responsive to color contrast.
. Such neuroactive peptides, which occur widely throughout the nervous system, are of great interest as synaptic transmitter candidates, although their modes of action and roles in neural information processing remain largely speculative (10, 11) .
We report here the results of further neuroanatomical, immunocytochemical, and neurophysiological studies on the terminal nerve of goldfish. Of the bony fishes, the structure and function of the retina and the neuroendocrine regulation of reproduction and sexual behavior are best known in goldfish. Further studies of the terminal nerve in goldfish therefore seemed likely to clarify its roles in reproductive behavior and the efferent modulation of visual input to the brain. It also seemed important to reexamine its structure and neurochemistry, since it has been observed in goldfish by neuroanatomical methods (1, 7, 12, 13) but not by LHRH immunocytochemistry (3) . Finally, because the retina is a well-known model for the central nervous system and a convenient physiological test system, the assembly of terminal nerve and retina seemed likely to yield useful data on the function of peptidergic neural pathways. In the course of our studies we learned that the terminal nerve contains a second peptide immunochemically similar to the molluscan cardioexcitatory tetrapeptide (H-Phe-Met-Arg-Phe-NH2; FMRF-amide) (14) (15) (16) (17) (18) . We thus had the further experimental opportunity to consider the functional role for coexistence of two or more synaptic transmitter candidates in the same neuron (11, (19) (20) (21) .
MATERIALS AND METHODS
Goldfish (Carassius auratus) were obtained from various sources in all seasons and kept at '20'C under ordinary fluorescent lights (light/dark cycle, 10:14 hr). Immupocytochemistry. Fish 3-10 cm long were anesthetized with tricaine methanesulfonate (ethyl m-aminobenzoate, Sigma). Eye cups, optic nerves, and brains were dissected and fixed by immersion for 2 hr at 40C with 4% paraformaldehyde in 0.05 M phosphate buffer (pH 7.4) with 3% sucrose, washed in buffer, infiltrated with 30% sucrose at 40C, and either sectioned on a cryostat (15-40 ,um) or flat mounted.
Flat mounts were prepared by isolating retinas from fresh eye cups of dark-adapted fish, fixing them as described above, removing the vitreous, and drying them flat (receptor side down) on a gelatinized slide. The whole mounts were then frozen and thawed and treated for immunocytochemistry as if they were sections.
All primary antisera were from rabbits. We used antisera to LHRH (U-705 and U-706 from G. Kozlowski, lot 22279 from Immuno Nuclear, Stillwater, MN, BOON-7 and BE4D from S. A. Joseph), FMRF-amide [L-135 from G. Dockray (see ref. 22 )], and assorted others.
For immunofluorescence, sections were treated with primary antisera diluted 1:100 in phosphate-buffered saline (pH 7.4) containing 0.25% Triton X-100, for 16 hr at 40C; followed by fluorescein isothiocyanate-or tetramethyl rhodamine isothiocyanate-conjugated goat anti-rabbit gamma globulin (Sigma) and fluorescence microscopy (23) (24) (25) .
For immunoperoxidase, sections or whole mounts were treated with primary antiserum diluted 1:1,000 in phosphatebuffered saline (pH 7.4) with 0.25% Triton X-100, for 14-24 hr at room temperature, then with unlabeled goat anti-rabbit gamma globulin, and finally with peroxidase-antiperoxidase (Boehringer Mannheim), visualized using 3,3'-diaminobenzidine (26) or Hanker-Yates reagent (27) .
Abbreviations: LHRH, mammalian luteinizing hormone-releasing hormone; fish GnRF, salmon brain gonadotropin-releasing factor [Trp', Leu8]LHRH; FMRF-amide, H-Phe-Met-Arg-Phe-NHI2 (molluscan cardioexcitatory peptide); YGGFMRF-amide, H-Tyr-GlyGly-FMRF-amide.
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Controls for specificity used primary antisera that had been preabsorbed overnight with synthetic peptides (Peninsula Laboratories, San Carlos, CA; final concentration, 100 ,Ag/ml). Anti-LHRH was also preabsorbed with FMRF-amide, and anti-FMRF-amide with LHRH, to rule out unexpected crossreactivity. Immunocytochemical localization with antisera to peptides other than LHRH and FMRF-amide served as further controls.
Double immunocytochemical labeling used mainly sequential staining, first with anti-LHRH followed by tetramethyl rhodamine isothiocyanate-conjugated goat anti-rabbit gamma globulin, then anti-FMRF-amide followed by fluorescein isothiocyanate-conjugated goat anti-rabbit gamma globulin (or reverse order). This procedure showed whether some structures were immunoreactive with the second primary antiserum but not the first (28) . Colocalization was also assessed, less critically, by comparing staining for different peptides, and by restaining after elution of the first antigenantibody complex (29 (27) and visualized in a bright field. Both nuclear yellow and true blue were visualized by fluorescence in a dark field (30) .
To determine the total number of cells in the nervus terminalis we fixed heads of two small fish in Bouin's solution, embedded them in parafin, sectioned them serially at 8 pm, and stained them with hematoxylin and eosin. All terminalis cells were drawn with the aid of a camera lucida and counted.
To determine whether nervus terminalis cells labeled with intraocularly injected nuclear yellow and true blue were also LHRH-or FMRF-amide-immunoreactive, sections containing cells labeled with nuclear yellow and true blue were photographed completely, treated to localize LHRH-immunoreactive or FMRF-amide-immunoreactive cells immunocytochemically, and photographed again for comparison.
Electrophysiology. Retinas were isolated from large (15-20 cm) dark-adapted goldfish in dim light, mounted receptor side up in a chamber and perfused with oxygenated teleost saline at 1 ml/min (31) . Ganglion cell nerve impulses were recorded extracellularly with metal microelectrodes (Haer, Brunswick, ME), amplified and displayed conventionally, and stored on analog magnetic tape. Light stimuli, delivered from a dual-beam optical bench, were either spots (0.8-mm diameter) or annuli (i.d., 2.0 mm; o.d., 4.4 mm) centered on the receptive field, 600 msec in duration, repeated every 3 sec. Their wavelength (red, 650 nm; green, 500 nm; blue, 430 nm; interference filters with bandwidths 10-20 nm) and intensity were controlled by manually exchanging fixed filters.
A computer terminal, keypad, and custom interface allowed us to enter parameters onto the analog tape in digitally readable form, for analysis on a PDP-11/34 minicomputer using a custom software package (D. White, Datek Services, Calgary). Spontaneous activity was usually computed during the period starting 2.2 sec after the end of each light stimulus and ending at the beginning of the next stimulus. The criterion for change was a 15% difference in firing rate from 1 min to the next; base-line fluctuations were <15%. Activity in -60% of the cells treated with mammalian LHRH or its analogs was not analyzed by computer, because it was obvious that the peptides were ineffective. Changes were considered drug related if they occurred 1-4 min after the drug entered the chamber and reversed in a similar time on washout; the onset latency was closely related to dose. The time for an 80% exchange of fluid in the chamber was about 3 min.
The perfusion medium could be switched from normal to altered (e.g., high Mg2', low Ca2+) with a valve and could be supplemented by slow addition of concentrated peptide solution from a microliter syringe pump. Final dilutions were calculated, assuming no loss and uniform mixing in tubing and chamber, and represent the maximum concentration presented to the photoreceptor surface of the retina. Synthetic peptides added to the medium including mammalian LHRH decapeptide (Peninsula 7201); the "superac- RESULTS LHRH-like Immunoreactivity in Goldfish Retina. Certain antisera to LHRH showed an immunoreactive fiber system in frozen-sectioned or flat-mounted goldfish retina. As in other species (2, 3) , the fibers form a dense plexus in the interface between inner plexiform and inner nuclear layers (Fig. 1 E, G , and H). Slender beaded processes occasionally leave the plexus and extend through the inner nuclear layer, sometimes as far as the outer nuclear layer. Some enlarged fibers wrap around (Fig. 1H) or course along putative amacrine, bipolar, and ganglion cells and may make synapses on them or their processes (5) . As seen in whole-mounts, fibers in the plexus are randomly oriented near the retinal center, but parallel to the retinal margin in the periphery, as are ganglion cell dendrites (34) and horizontal cell axons (35) in cyprinid retinas.
These fibers appear not to originate within the retina, as retinal cell bodies were never stained. Furthermore, a few stained fibers were observed in the optic fiber, ganglion cell, and inner plexiform layers. In whole-mounts 2-3 dozen thick, smooth immunoreactive fibers could be followed from the optic nerve head to their termination in the inner plexiform layer. These observations suggest that the LHRH-immunoreactive fibers are efferent-i.e., of central origin.
Retinal LHRH-Immunoreactive Fibers Arise from the Nervus Terminalis. Immunoreactive fibers are evident not only in the retina but also, as observed elsewhere (3), in the optic nerve (Fig. 1C) 3 .68 cells per nerve, represents cells that are immunoreactive but have no demonstrable projection to the retina. In serial paraffin sections counterstained with hemotoxylin and eosin, however, we counted a total of 62 ± 4.08 (mean + SD; n = 3 nerves from two fish) large neurons in each olfactory nerve. Thus as many as 40 (nearly 2/3) of these neurons appear not to be immunoreactive for LHRH.
The location of these cell bodies and fibers within the olfactory nerve and tracts of goldfish fits precisely the description of the nervus terminalis in the goldfish (1, 7), carp (12) , and catfish (13) . Furthermore, the caudal course of the fibers, including the projection along the optic nerves, fits precisely the description of the nervus terminalis in smelt (36) and goldfish (7) . We feel justified, therefore, in identifying the goldfish LHRH-immunoreactive olfactoretinal efferent system (with its projections within the brain) as the nervus terminalis and the cluster of nerve cell bodies in the olfactory nerve as its ganglion.
Goldfish Nervus Terminalis Is Immunoreactive for Two Peptides. During this investigation several reports appeared in which FMRF-amide-immunoreactive neurons were localized to various regions in the vertebrate brain (15) (16) (17) . In one of these (16), FMRF-amide-immunoreactive cell bodies were illustrated in the ventral telencephalon of the teleost Poecilia. FMRF-amide was also of interest because of its sequence homology to the enkephalins, in view of our previous studies on opioid pathways in goldfish retina (37) .
We find that the localizations of FMRF-amide-like immunoreactivity in olfactory nerve (Fig. 1B) , optic nerve (Fig.  1D) , and retina (Fig. 1F) , not to mention olfactory bulb, telencephalon, and optic tectum (not shown), are identical to those of LHRH-immunoreactivity. Furthermore, mapping of LHRH-immunoreactive and FMRF-amide-immunoreactive fibers in serial sections of the optic nerves yields similar patterns, and sequential staining of individual sections reveals no singly labeled LHRH-immunoreactive or FMRF-amideimmunoreactive optic nerve fibers. Finally, in serial sections of the terminalis ganglion stained separately ( Fig. 1 A and B) or in individual sections restained after elution of the first primary antibody (not shown), all cell bodies immunoreactive for one peptide are seen to be immunoreactive for the other as well. Controls confirm that the nervus terminalis contains two independent immunoreactive species, closely resembling LHRH and FMRF-amide. Cross-preabsorption (anti-LHRH with FMRF-amide, anti-FMRF-amide with LHRH) does not diminish the intense staining usually observed with these antisera.
Action of Exogenous Peptides in the Retina. the nervus terminalis influences visual function in the retina. Most of the cells recorded from were either red-ON-center or red-OFF-center double-color-opponent ganglion cells (38) . The effects of FMRF-amide (or YGGFMRF-amide) were similar in ON and OFF cells. In an OFF cell (Fig. 2) (Table 1) .
FMRF-amide was not effective in the presence of blockers of synaptic transmitter release (1 mM Co2+, one cell; no Ca2+, 20 mM Mg2+, one cell). This finding, which suggests that FMRF-amide acts through one or more interneurons, is consistent with our observation that immunoreactive fibers usually do not contact ganglion cells (5) .
LHRH, its superactive analogs, and its antagonists were rarely effective in altering ganglion cell function. LHRH was effective in only 4 of 27 units tested ( Table 1 ). The peptidaseresistant agonists, [D-Ala6]LHRH, which is effective at 0.01-0.001 times the concentration of LHRH in bullfrog sympathetic ganglion (39) , and [D-Ala6, des-Glyl0]LHRH-ethylamide, reported to be 100 times more potent than LHRH to induce spawning in fish (40) , were no more effective than LHRH. The inactivity of mammalian LHRH and its analogs may be due to their inappropriate structure. This is suggested by our preliminary results with fish GnRF (33), a plausible transmitter candidate in this retinopetal system.
The effects of fish GnRF were not distinguishable from those of FMRF-amide. As shown in Fig. 3 , GnRF produced in green-ON-center cells: (i) an increase in spontaneous firing, (it) a loss of the sustained inhibition normally seen at The three effects considered are those listed in the text or in Fig. 2  or 3 . Almost all affected cells showed increases in spontaneous activity and loss of light-induced inhibitions. A few showed only increased pulsatility. Three units that showed decreases in rate have not been included.
green-OFF, and (iii) an increase in pulsatility at green-OFF.
It is noteworthy that neither the balance between greenand red-center responses nor threshold intensity (not shown) is altered by either GnRF (Fig. 3) or FMRF-amide (not shown).
Preliminary experiments indicate that the effects of the two peptides are not additive. In three cells that were excited by GnRF, the addition of YGGFMRF-amide did not produce any additional effect. In one cell excited by GnRF, the addition of YGGFMRF-amide caused a rapid and reversible decrease in the firing rate.
DISCUSSION
These experiments confirm that in goldfish, as in other teleostean species (1) (2) (3) 41) , there is a centrifugal pathway to the retina from cell bodies associated with the forebrain. This retinopetal system is clearly identical to the nervus terminalis in carp as described by Sheldon (12) and the nervus terminalis and tractus terminalis-opticus in smelt as described by Holmgren (36) , and homologous to the nucleus and tractus olfactoretinalis of various teleosts according to Munz and colleagues (2, 3, 41) . Because its neurons may be primary olfactory receptors (36) (41, 42) . The retina is not likely to be the only destination of nervus terminalis fibers, which are said to project also to olfactory nuclei (36) and to centers near the anterior commissure that may be concerned with olfactory (pheromonal?) regulation of sexual behavior and reproduction (6, 36, 43, 44) .
The efficacy offish GnRF and FMRF-amide at micromolar concentrations supports the candidacy of a LHRH-like and a FMRF-amide-like peptide as neurotransmitters of the nervus terminalis in the retina. In view of the homology of the extended peptide, YGGFMRF-amide to opiate peptide [Met]-enkephalin, it is noteworthy that at threshold concentrations FMRF-amide agonists enhance, while opiate agonists depress (37) , the activity of goldfish OFF-center ganglion cells.
The behavior of mammalian LHRH in goldfish retina is consistent with the observation that mammalian LHRH and superactive agonist analogs are effective only at high doses and are equipotent in releasing gonadotropin from trout pituitary (45) . Because salmon brain GnRF is highly potent in the retina, our LHRH agonist and antagonist data suggest that the teleostean GnRF and its postsynaptic membrane receptor differ from their counterparts in mammals.
The most optimistic interpretation of our data is that the retinopetal nervus terminalis fibers in goldfish contain both LHRH-and FMRF-amide-like peptides, that specific olfactory stimulation of these fibers causes release of both peptides from axon terminals in the distal part of the inner plexiform layer and inner nuclear layer, and that both the LHRHand FMRF-amide-like peptides act as neurotransmitters. These peptides might be expected to be excitatory from their action in other systems (14, 18, 39) , but almost any effect could result either from differences in postsynaptic response to the peptides or from sign inversions in polysynaptic pathways to the ganglion cells. We speculate that the major inputs to sustained ganglion cells are a sign-conserving input from bipolar cells and a sign-inverting input from sustained amacrine cells, working in a push-pull manner (46, 47) . Our data are consistent with effects of both FMRF-amide and GnRF on sustained amacrine cells, because (i) immunoreactive fibers terminate on amacrine cells or their processes, and (it) sustained amacrine cells are probably responsible for the 10-Hz pulsatility (48) , which was markedly enhanced by both peptides, especially during sustained light-evoked activity (Figs. 2 and 3 ).
